Abstract-An analysis that incorporates quantum corrections and the thermal conductivity term into the classical hydrodynamic model of the propagation of space-charge waves in silicon is presented. From numerical simulations we have seen that for frequencies f < 8 THz the classical hydrodynamic model, with the thermal conductivity term and with quantum corrections, gives good results where the thermoconductivity seems to be more essential for these frequencies. However for higher frequencies f > 8 THz both quantum corrections and thermoconductivity are equally important. These results suggest accurate simulations of ultra-small device require the thermal conductivity term to be included in the model.
INTRODUCTION
The amplification of EM waves in the microwave range by using space charge waves has been studied in the last few decades [1, 2] . The microwave technology of monolithic integrated/hybrid circuits is been gradually moving into the millimeter wave range, up and above 100 GHz. The development and manufacturing of microwave or millimeter-wave integrated semiconductor devices depends on the development of computer aided design tools, based on the accuracy and the adequacy of mathematical models by solving quantum hydrodynamic equations rigorously. It was shown in [3] that, when the temperature is not too low, two-dimensional electrons in the channel of the FET behave not as a gas (as conventionally expected) but rather as a fluid. Indeed, as one can show, the electron mean free path for collisions with impurities and phonons is much greater than the mean free path for electron-electron collisions. This means that the theoretical description of the electron flow in the FET channel should be based on the equations of hydrodynamics.
A variety of models have been developed for semiconductor device simulation. However, the classical hydrodynamic model (HD) can be extended to include quantum effects by incorporating the quantum corrections, this model is called the quantum hydrodynamic (QHD) [4] . The QHD model is derived from a moment expansion of the Wigner-Botlzman equation, using a quantum Maxwellian distribution to close the moments [5, 6] . The QHD conservation laws have the same form as the classical hydrodynamic equations, but the energy density and stress tensor include additional quantum terms. These quantum corrections allow particle tunneling through potential barriers and to build up a potential well.
In this investigation, we use the QHD transport equations, expressed in terms of conservation laws for particles, momentum, and energy added by the Poissons equation, to analyze the propagation of volume space charge waves in silicon. The linear modes of propagation of a system are studied by means of the dispersion equation D(ω, k) = 0, which relates the frequency ω to the longitudinal wave number (or propagation constant) k = 2π/λ and it is obtained by the self-consistent solution of basic equations. In general, we consider the cases where ω is real and k = k + ik has real and imaginary parts. The case k > 0 corresponds to the spatial increment (amplification), whereas the case k < 0 corresponds to the decrement (damping) [7] . To obtain the dispersion equation for space charge waves, it is necessary to use the linearized equations of the electron dynamics jointly with the Poisson's equation for the electric potential.
The amplification of space charge waves is because of the negative differential conductivity as shown in [2, 8] for the case of GaAs structures. However in silicon the negative differential conductivity does not appear, so an amplification is not possible but only the propagation and damping of space charge waves. In this work, we have studied the influence when the quantum corrections and thermal conductivity term are included into the balance equations and what is more essential (in this model): thermoconductivity or quantum corrections. These results are relevant as they explain the influence of quantum corrections and termoconductivity on the propagation of space charge waves in silicon structures. One can see that for frequencies f < 8 THz the classical hydrodynamic model with the thermal conductivity term and with quantum corrections gives good results. However, for frequencies f > 8 THz both the thermoconductivity and quantum correction terms give essential inputs, and it is difficult to conclude about which correction term is more important. These results can also be used in the simulation of semiconductor devices with ultra short lengths.
THE QUANTUM HYDRODYNAMIC MODEL
The QHD model has the same form as the classical hydrodynamic equations only with quantum corrections in the energy density and stress tensor terms. Thus, we employ the following set of balance equations regarding carrier density, average velocity, and average energy for electrons added by the Poisson's equation [9] .
where n is the electron density, v is the velocity, m * is the effective electron mass, q is the electronic charge, w is the energy density. T = (2/3)(w − m * v 2 /2), and the thermal conductivity can be approximated as in Ref.
[10] κ = (5/2) (nT /m * γ p (w)), E is the electric field and γ p and γ w are the inverse of momentum and energy relaxation rate, respectively. We take into account the quantum corrections to stress tensor and energy density like in Ref.
[11]
where T is the temperature of electron gas and F λ is the distribution function (for quantum corrections, it is the shifted Maxwellian one). Actually F λ = f λ · n, where n is the concentration and λ are the states of electron. Therefore, after some mathematical treatment the quantum corrections can be written as follows:
In the one-dimensional case, the equations with quantum corrections are given as follows; Eq. (1) for the carrier density is the same, however the equations for the average velocity and average energy have some differences:
We consider below linear space charge waves n = n 0 +ñ; v = v 0 +˜ v; w = w 0 +w; T = T 0 +T , where all the small perturbations obey the law ∼ exp(i(ωt −kz)), and use the following parameters: drift velocity is v 0 = 10 7 cm s −1 , the bias electric field is E 0 = 10 7 V m −1 , electron concentration is n 0 = 10 23 m −3 , and the momentum and energy relaxation rates are γ p ≈ 4 × 10 13 s −1 andγ w ≈ 3 × 10 12 s −1 [9] . The characteristic spatial scale is l n = 10 −8 m.
;
and γ c = 
SIMULATIONS AND RESULTS
The dispersion relations k(ω) have been calculated within the framework of balance equations added by the Poisson's equation. The results of direct simulations of k (ω) of linearized equations are shown in the Figures 1 and 2 . In Figure 1 , the spatial decrement is given for two cases; the classical hydrodynamic equations without the thermal conductivity term and with the thermal conductivity term, one can see the discrepancy when the frequency ω > 50 × 10 12 s −1 (f ∼ 8 THz). In the Figure 2 one can see the comparison of the dispersion equation between three different approximations, without thermal conductivity, with thermal conductivity only and with quantum corrections and thermoconductivity jointly. These results are relevant as they explain the influence of quantum corrections and termoconductivity on the propagation of space charge waves in silicon structures. Also the scope of space charge waves applications is not limited to the analysis here described, but can be useful to monolithic phase shifters, delay lines, analog circuits for microwave signals.
CONCLUSIONS
The dependencies of the imaginary part k (ω) of a complex longitudinal wave number on frequency, which are obtained from balance equations taking into account the thermal conductivity term and quantum corrections, are presented and discussed. For frequencies f < 8 THz the thermal conductivity term seems to be more essential than the quantum corrections. For frequencies (f > 8 THz) both the thermal conductivity term and quantum corrections are important simultaneously.
